We present a preliminary study of using the template of an ensemble of evolving shells we developed for M 82 (Yao 2009). we apply the model to represent various stages of starburst evolution in a well known sample of nearby luminous infrared galaxies (LIRGs). In this way, we attempt to interpret the relationship between the degree of molecular excitation and ratio of far-infrared (FIR) to CO luminosity to possibly reflect different stages of the evolution of star-forming activity within their nuclear regions.
Introduction
In a previous paper (Yao 2009 , hereafter Paper II), we presented an unique set of starburst models that allow us to relate observed molecular line properties of a starburst region to its age. We successfully demonstrated that the kinematic and FIR/sub-mm/mm emission properties of individual expanding shells and star-forming regions in a starburst galaxy like M 82 can be understood by following the evolution of individual massive super star clusters (Yao 2006, hereafter Paper I) or an ensemble of such clusters surrounded by compressed shells and GMCs (Paper II). We find that the spectral energy distributions (SEDs) of the molecular and atomic line emission from these swept-up shells and the associated parent giant molecular clouds (GMCs) contains a signature of the stage of evolution of the starburst. We suggest that molecular and atomic gas excitation conditions and properties depend strongly on the stage of starburst evolution in the center 1 kpc of M 82.
At distances beyond M 82, large surveys of molecular line emission in nearby luminous infrared galaxies (LIRGs/Ultra LIGRs) have provided new and useful data in recent years, e.g. SCUBA Local Universe Galaxy Survey (SLUGS) CO survey by Yao et al. (2003) , the HCN survey by Gao & Solomon (2004a,b) . Interesting and yet puzzling relations between molecular gas luminosity and dust FIR luminosity, gas excitation and star formation parameters have been interpreted in terms of localized conditions in the clouds. More luminous FIR galaxies tend to have warmer and denser gas, with higher star formation efficiency, and the excitation of the molecular gas appears correlated with star formation efficiency. In this paper, we present a preliminary study of applying our starburst model to represent various stages of starburst evolution in a well known sample of nearby starburst galaxies. In this way, we interpreted the relationship between the degree of molecular excitation and ratio of FIR to CO luminosity to possibly reflect different stages of the evolution of star-forming activity within their nuclear regions.
The plan for this paper is as follows. In § 2, we present the application of our models to starburst galaxies at distances beyond M 82, using the template of a shell ensemble we developed for M 82 (Paper II). We examine one issue in particular -whether the relation between the degree of molecular gas excitation and the star formation properties can be understood in terms of our models. This issue is a follow-up to an earlier observational paper by Yao et al. (2003) in which a clear connection between these two properties was identified. In particular, we investigate whether the variations in these properties from galaxy to galaxy may derive simply from seeing galaxies in different stages of their post starburst evolution, as seen in our models. Previous interpretation of these effects require that they reflect the diversity in the intrinsic properties of galaxies, with no necessary connection to starburst evolutionary phases. In § 3, as a separate issue, we explore the time dependence in our model of the well known CO-to-H 2 conversion factor X in a starburst region.
Degree of CO Excitation and Star Formation Properties
We first compute the relevant star formation related characteristics as a function of time for a model shell ensemble, then we compare these predicted characteristics with those observed in a modest but nearly complete sample of nearby luminous IR galaxies. Each galaxy in the sample is presumed to represent a different evolutionary stage of our model starburst. Ratios of quantities, specifically, line intensity ratio r 31 , and FIR luminosity to molecular gas mass ratio L F IR / M(H 2 ), are used in our analysis. These ratios describe intrinsic properties independent of galaxy size and assumed distance. In the standard literature, the L F IR is used as an indicator of star formation rate, and the quantity L F IR / L CO or L F IR / M(H 2 ) is taken to be a measure of the star formation efficiency, i.e. star formation rate per unit available gas mass. However, in our model this ratio does not measure star formation efficiency, but is a parameter which undergoes a dramatic evolution during the tens of millions of years following a starburst event. The far-infrared luminosity L F IR can be readily derived from a dusty starburst model, but not by our gas model. In this paper, we use the stellar cluster luminosity L SC to represent the L F IR , by crudely assuming that all of the stellar light is processed into far-infrared by dust enshrouding the star clusters and distributed in the galaxies. An instantaneous starburst model is also assumed here, the same as our previous study of nearby starburst galaxy M 82.
Low-lying CO rotational line transitions at mm and sub-mm wavelengths are often used as tracers of total molecular hydrogen content in a galaxy. It is also known that the ratio of 12 CO(3-2) to (1-0) line emission r 31 provides a more sensitive measure of the gas temperature and density than the ratio of 12 CO(2-1) to (1-0) lines (e.g. Jansen 1995) . Most observations of the 12 CO(3-2) line cover the central region of nearby objects (e.g. Mauersberger et al. 1999; Dumke et al. 2001) , where the physical conditions of molecular gas may be different from those prevailing in molecular clouds in the disk of the galaxy.
In 2003 Yao et al. presented the first statistical survey of the properties of the 12 CO(1-0) and 12 CO(3-2) line emission from the nuclei of a nearly complete subsample of 45 luminous infrared galaxies selected from SLUGS objects (Dunne et al. 2000) . This subsample is flux limited at S 60µm ≥ 5.24 Jy with FIR luminosities mostly at L F IR > 10 10 L ⊙ and distance limited between 20 and 300 Mpc. The angular resolution for both CO lines in Yao et al. (2003) is nearly identical (∼ 15 ′′ ), which is also nearly identical to that of the SLUGS survey. The projected beam size on SLUGS sources ranges from 1.8 -20 kpc.
An important feature observed in luminous IR galaxies is that the degree of 12 CO excitation measured by the 12 CO(3-2)/(1-0) line intensity ratio or r 31 ratio has a trend of increasing with increasing concentration and efficiency of star-forming activity (Yao et al. 2003) . Here we examine the effects of starburst phase in our model on the excitation ratio r 31 by comparing a theoretical plot based on our results of Chapter 4 with this observed relationship found in Yao et al. (2003) . We begin with the explanation of the effect outlined by Yao et al. (2003) , and follow this with a different possible origin based on our starburst evolution scenario.
Plot (a) of Fig. 1 (see also Fig. 10 of Yao et al. (2003) ) shows that there is a significant observed correlation between r 31 and L F IR /M(H 2 ) within the 15 ′′ aperture. The SLUGS sample shown is divided into two ranges by gas mass centered at M(H 2 ) = 10 8 M ⊙ , and also by dust FIR luminosity centered at L F IR = 10 10 L ⊙ which are indicated by three different symbols in the plot. The segmentation according to gas mass-range and dust IR luminosityrange shows the relationship between L F IR and M(H 2 ) and position in the plot. The line represents a linear regression fit to the data with
where r 31 ranges between 0.5 and 1.72. The molecular gas mass in the SLUGS sample is derived from CO luminosities by applying the conversion factor X = 2.7 × 10 19 cm −2 [K km s −1 ] −1 obtained for SLUGS objects (Yao et al. 2003 ). The result is M(H 2 ) = 1.1 × 10 3 D 2 L /(1+z) S CO M ⊙ obtained by scaling the result of Kenney & Young (1989) to the different X-factor used here, where D L is the luminosity distance of a galaxy in Mpc, and S CO is the 12 CO(1-0) flux in Jy km s −1 measured within a 15 ′′ beam. According to Yao et al. (2003) , both r 31 and L F IR /M(H 2 ) ratios are found to be independent of the galaxy distance (or the projected beam size on galaxy), and in turn the H 2 gas mass. There are also no significant correlations found between r 31 and star formation rate (or L F IR ), dust temperature and mass, the color indices, or the luminosity of the IR or radio continuum. Yao et al. suggested that the observed correlation between r 31 and L F IR /M(H 2 ) and the lack of correlation of r 31 with properties related to total star formation implies a dependence only on localized conditions within the molecular clouds. According to this picture, the dependence of r 31 on the L F IR /M(H 2 ) ratio reflects a higher degree of CO excitation that is associated with a higher spatial concentration and efficiency of star forming activity. Such conditions would arise in an intense starburst where the surface density of such activity is high. The saturation effect (approaching unity) of r 31 seen at L F IR /M(H 2 ) > 200 L ⊙ /M ⊙ reflects a limit imposed on this ratio at the highest excitation where the excitation temperatures for 12 CO(3-2) and (1-0) (both assumed optically thick) are equivalent.
As mentioned earlier the L F IR /M(H 2 ) ratio is traditionally used as an indicator of star formation efficiency. In our model, this ratio and its variation with time are simple and direct consequences of the evolution in stellar luminosity (represented by L SC ) and sweptup gas mass within a single starburst. Plot (b) of Fig. 1 shows the model r 31 ratio versus the L SC /M(H 2 ) ratio, where the total cluster luminosity L SC has been used in place of the observed FIR luminosity L F IR . This assumes that the FIR luminosity produced in a recent starburst is the dominant component of the FIR luminosity. The M(H 2 ) for the model is derived from S CO , thus using the same method as employed for the SLUGS sample except with a fixed D L = 3.25 Mpc used in our model computations. Thus, S CO and M(H 2 ) are both functions of time and size of the shells. The model curve clearly shows a trend similar to that in the observational plot in Fig. 1 (a) , i.e. the r 31 ratio increases with increasing L SC /M(H 2 ) ratio, and then saturates at high L SC /M(H 2 ) (> 200 L ⊙ /M ⊙ ). The model r 31 ratios vary between 0.7 and 1.3 for the Winds phase, and between 0.4 and > 2.0 for the post-SN phase. The key point associated with Fig. 1 (b) is that the relationship between r 31 and L SC is governed by the age or phase of the starburst. At earlier stages the cluster luminosity is high and the mass of swept-up gas is small. Since the shells are comparatively small and expanding rapidly, they are also more effectively heated and compressed than at later stages. Thus, at earlier phases, both r 31 and L SC /M(H 2 ) are higher than in the later phases of the expansion. Since the parent GMCs contribute more to the 12 CO(1-0) line than the (3-2) line, the r 31 ratio is lower for the Winds phase, although the L SC is higher than that from the post-SN phase. An important point associated with this interpretation is that the degree of molecular gas excitation is a consequence of star-forming activity, rather than a reflection of initial conditions prior to the starburst, as often assumed.
As described above, our model yields a result similar to the observations, and suggests that the observed behavior results from recent starbursts in these galaxies. This result furthermore implies that the relationship between the degree of CO excitation (r 31 ) and the L F IR /M(H 2 ) ratio associated with star formation properties may be determined by the phase of the starburst rather than by the more traditional view of variation in the efficiency of star formation.
One of the interesting properties of Fig. 1 plot (a) is that the data points tend to concentrate toward the origin. A similar effect is discernible in the theoretical plot if points are plotted at equal intervals in age. The concentration in the latter case occurs because the rate of change of the variables on both axes decreases with time as the age becomes large. This suggests a further test of the hypothesis that the behavior in Fig. 1 (a) is the consequence of seeing starbursts in different stages of their evolution. Accordingly, we compare the frequency distribution (or histogram) of the 45 SLUGS galaxies with respect to the observed L F IR /M(H 2 ) and r 31 ratios to the frequency distribution of 45 pseudo galaxies with respect to the model L SC /M(H 2 ) and r 31 ratios, as shown in Figs. 2 and 3 . The pseudo galaxies were assigned ages drawn randomly from a uniform probability distribution between 3 Myr and 20 Myr, and the parameters r 31 and L SC /M(H 2 ) then computed for these ages using our model. The model age range (3 -20 Myr) reflects the range of validity of the model for the post-SN phase. The lower boundary corresponds to a plausible lower limit on the dynamical timescale for the starburst region and the upper boundary corresponds to the epoch beyond which the bubble shells escape the disk of the galaxy. The comparison reveals a similarity in the distributions between model and observation for both log 10 (L F IR /M(H 2 )) and r 31 , though the peak in the former distribution occurs at a lower value in the model (see later for further discussion of this point). The qualitative similarity between the two histograms thus supports the hypothesis that the quantities L F IR /M(H 2 ) and r 31 are related to starburst age. However, the evidence presented is not conclusive, merely suggestive. We also tested our model result with different starburst age ranges (1 to 10 Myr and 1 to 80 Myr) for the 45 pseudo galaxies. These tests produced numerically different but qualitatively similar results.
As noted, the foregoing analysis supports the hypothesis that the plots in Fig. 1 signify that the excitation of the gas following a starburst is closely related to the age of the starburst. However, there are a number of considerations which need to be examined which may affect the credibility of this result, for example, the selection effect on the observed frequency distributions. Fortunately, the SLUGS subsample investigated here is nearly complete with a limiting FIR flux density and a limiting distance, so that the selection effects are well understood. Essentially all members of the sample are detected at both CO transitions, but the flux limit imposes a minimum detectable luminosity which increases with D 2 L . The dramatic decline in galaxy number density with distance confirms this selection and indicates that the sample comprises the high luminosity tail of the underlying galaxy population. The question then is: could the luminosity selection affect the distribution of L F IR /M(H 2 ), particularly in producing a deficiency of ratios below the peak of the observed distribution? There are two approaches to investigate this effect. First, we can examine the direct relations between L F IR /M(H 2 ) and galaxy distance, as well as r 31 and galaxy distance. We find no significant correlation between these two quantities and distance. Second, we divide the sample of 45 SLUGS galaxies into two parts, each with 23 objects, divided according to D L < 45 Mpc and D L ≥ 45 Mpc. We find no significant difference between the frequency distributions of L F IR /M(H 2 ) in these two subgroups. Thus, there is no evidence that the selection effect in luminosity produces a corresponding selection in the ratio L F IR /M(H 2 ). We also conducted a similar analysis for the ratio r 31 , and there is also no evidence of selection effect on this ratio.
Other observational effects, for example, the random and systematic errors in the observed data, would contribute to the disagreement between the model and the observed histograms, assuming that the theory were the correct explanation for the observation. It must also be recalled here that there is a deficiency of about an order of magnitude between model and observation in the total stellar luminosity for M 82. This deficiency in the model luminosity will contribute to, and possibly even account for, the systematic difference in location of the peak of the two distributions of L F IR /M(H 2 ) shown in Fig. 2 .
The hypothesis presented here that the ratios r 31 and L F IR /M(H 2 ) are related to the starburst age can be further tested by direct measurements of the ages of the young stellar populations in the SLUGS subsample. Probably the best approach would be the fitting of population synthesis models to optical and IR spectroscopy of SLUGS objects, as discussed in Chapter 5. Fig. 3. -Histograms of the 12 CO(3-2)/(1-0) line ratio (r 31 ) derived from our starburst model and the r 31 ratio measured for 45 SLUGS galaxies by Yao et al. (2003) .
The CO-to-H 2 Conversion Factor X
The most common method of deriving H 2 masses from CO luminosities relies on a reliable estimate of the controversial parameter X, which converts CO line intensity or luminosity to the H 2 column density or mass. Studies have shown that this parameter varies from galaxy to galaxy (Booth & Aalto 1998; Boselli et al. 2002) , and it is thought to be higher in metal-poor galaxies and lower in starburst galaxies than in Galactic molecular clouds, where X is about 2.8 × 10 20 cm −2 [K km s −1 ] −1 (Bloemen et al. 1986; Strong et al. 1988 ). Hereafter we refer to this as the standard value. Thus in starburst galaxies, application of the standard factor can produce a significant overestimate (4 -10 times) of molecular hydrogen mass (Solomon et al. 1997; Downes & Solomon 1998; Yao et al. 2003) .
Our evolving starburst model allows us to investigate, purely from a theoretical standpoint, the relationship between the X-factor and starburst phase, because the physical properties of molecular gas in an evolving starburst region changes with time. The X-factor may be determined from the following equation,
where M(H 2 ) is the total H 2 gas mass swept up by the shells at time t in units of M ⊙ , D L is the luminosity distance, in this case to M 82 (used in our model computations) in unit of Mpc, S CO is the 12 CO(1-0) line flux in units of Jy km s −1 , and X value is in units of 10 19 cm −2 [K Km s −1 ] −1 .
In the Winds phase, the value of X mainly increases with time. Because the parent GMCs are the dominant sources of 12 CO(1-0) line emission during the earlier Winds phase, and because the gas inside the parent clouds is highly excited due to high FUV radiation, this results in a progressive decrease in 12 CO(1-0) line emission from the GMCs with decreasing GMC mass. On the other hand, the compressed dense gas inside the shells is also highly excited, but the 12 CO(1-0) line emission increases with increasing swept-up mass of the shells. Overall the 12 CO(1-0) line emission from the shell and GMC ensemble increases with time, and slightly decreases from 0.5 to 0.7 Myr, while the system H 2 mass is fixed at 1.9 × 10 7 M ⊙ . In the post-SN phase, the X-factor mainly increases with time, because the 12 CO gas is highly excited at early stages of this phase. Although both the 12 CO(1-0) line emission and swept-up shell mass M(H 2 ) increase with time, the increasing rate in M(H 2 ) is higher than that in the 12 CO(1-0) luminosity between 5 and 80 Myr. However, the increasing rate in M(H 2 ) is lower than that in the 12 CO(1-0) luminosity in a brief interval between 2 and 5 Myr, producing a brief decline in the value of X shown in Fig. 4 . The discontinuity between 0.8 and 1 Myr corresponds to the transition between Winds and post-SN phases.
The values for the X-factor derived from our models for the two best fit ages (5.6 and 10 Myr) for the central 1 kpc starburst regions of M 82 are 9.5 × 10 19 and 1.1 × 10 20 cm −2 [K km s −1 ] −1 , respectively. These values are comparable to the empirical values found from the studies of starburst galaxies (Weiss et al. 2001 , Downes & Solomon 1998 . They also lie between those derived for the Galaxy and nearby LIRGs (Yao et al. 2003) . Our model X-factor shows a trend of increasing with time in the post-SN phase, i.e. lower values are associated with more highly excited gas. This is consistent with the observed results indicated in the above references, since starburst galaxies have lower values than those of the non-starburst (or normal) galaxies like our own Galaxy.
We also investigated the effect of reducing the upper mass limit on the GMC mass spectrum (i.e. from 10 7 M ⊙ to 3 × 10 6 M ⊙ and 10 6 M ⊙ ) on our model X-factor as was done for the 12 CO model in Chapter 5. Recall that in Chapter 5 we conclude that the model can provide acceptable fits to the data only if the dominant initiating starburst clusters are massive, at least 5 × 10 5 M ⊙ . Here we find that the X value is also very sensitive to the assumed initial upper mass limit of the cluster spectrum (and corresponding GMC mass spectrum). For the first case with a slightly lower upper limit of GMC mass 3 × 10 6 M ⊙ (corresponding to stellar mass of 7.5 × 10 5 M⊙), we found a solution similar to the result presented in Fig. 4 . The value of X is about 15% and less for the Winds phase, but it is about a factor of 1.4 higher at 5.6 Myr and 1.2 higher at 10 Myr for the post-SN phase. But for the second case with a ten times or more reduction in the upper cutoff of the GMC (and cluster) mass spectrum, the value of X starts showing an opposite trend of decreasing with time, because in this case the increasing rate in 12 CO(1-0) luminosity is faster than the increasing rate in M(H 2 ) mass swept up by the shells. The value of X is about 45% less for the Winds phase, but it is about a factor of 5 higher at 5.6 Myr and 2.3 higher at 10 Myr for the post-SN phase. Hence, acceptable solutions for modeling the X-factor in starburst galaxies are obtained only when our model system is dominated by initiating starburst clusters that are massive, at least 5 × 10 5 M ⊙ .
The accuracy of the X-factor predicted by our model is limited by several conditions. The CO flux for a given H 2 mass depends upon a variety of factors which were discussed in Paper II (e.g. the dependence on the assumed turbulent velocity, the neglect of the CO emission from the ambient ISM). Equally important however is that the X-factor will depend to some degree on the assumed mass spectrum for the star clusters (as shown above), and on the assumed relation governing the expansion of the bubble driven shells. The latter relation governs the amount of H 2 mass swept up in a given period of time and the hence also the number of star clusters required to produce the total observable H 2 mass, as discussed also It is important to understand that a precise value for the X-factor ultimately relies exclusively on the empirical determinations involving careful measurements of CO luminosity and H 2 mass. What our results do show, however, is that these empirical values may be reasonably replicated by a starburst model of the type investigated in this thesis, and that considerable insight regarding the causes of the variation from galaxy to galaxy may be obtained from the temporal behavior in our model exhibited during the expansion of the starburst bubbles/shells.
Conclusions
As a preliminary approach, we have shown that:
1. By comparing our starbust model to a limited extent with our published 12 CO observations of 45 nearby luminous IR galaxies, it yields some insight into the relevance of starburst evolution in a larger context. Both the model and the data show that the degree of CO excitation r 31 increases with the increasing ratio L F IR /M(H 2 ), and that the frequency distributions of these two parameters in both the model prediction and the data are similar. This suggests that the observed behavior possibly results from recent starbursts in these galaxies observed at different stages of their evolution rather than from a wide range of their intrinsic properties (e.g. greatly varying degrees of star forming efficiency). This result also implies that the degree of molecular gas excitation is a consequence of star-forming activity, rather than a reflection of initial conditions prior to the starburst, as often assumed. The test of the above hypothesis ultimately lies in determining the ages of starbursts in many other luminous infrared galaxies, most probably by the method of stellar population synthesis.
2. The CO-to-H 2 conversion factor X may be strongly related to the starburst phase, because the physical properties of molecular gas in an evolving starburst region changes with time as summarized before. The model X-factor shows a trend of increasing with time in the post-SN phase, i.e. lower values of X are associated with more highly excited gas. This is consistent with the observed results that starburst galaxies have lower values of X-factor than those of the non-starburst galaxies. The absolute numerical value for X-factor derived from our model is sensitive to the assumed initial upper mass limit of star clusters spectrum and corresponding GMC mass spectrum. In addition, the value will be affected to some degree by those factors that affect the age prediction described in Paper II.
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